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1 Introduction 
German compliance with the European Water Framework Directive requires restoration of 
river continuity by 2027 through construction of efficient fishways (SCHOLTEN et al. 2014). 
The fishways must enable all migratory fish species to bypass dams that block their  
movements. There are well over 200 sites that require functional, efficient fishways. The cost 
of developing individual design criteria for each fishway will be prohibitive and cause delays 
in installation of new systems or rehabilitation of existing fishways with concomitant effect 
on populations of migratory fishes. A critical question in the execution of the river continuity 
program is: “How far are we able to define design criteria without missing the biological 
requirements of all or the most species?” Availability of standardized fishway designs will 
expedite the implementation of the River Continuity Program. Standardized fishway designs 
must address fish behavior of four zones: 
1) Can fish locate the entrance, 
2) will fish enter the fish ladder, 
3) will fish ascend the fish ladder, and 
4) will fish continue upstream after exiting instead of “falling back” through the dam? 
 
I use my experience with Corps of Engineers dams to assess the knowledge about the  
behavior of fish in the four zones to address the question of standardized designs for USA 
dams with the expectation that the answer will also apply to German dams. The Corps of 
Engineers is the largest U. S. water resources agency and owns and operates over 600 dams.  
I have experience with about 400 of these dams (as well as other agency and private dams) 
upon which I can draw to answer the question. Based on my experience, I can conclusively 
say that the answer to the question is both “yes” and “no”. Four dams on the Snake River 
(a major tributary of the Columbia River) utilize a standard design for their fish ladders  
referred to as the Ice Harbor Fish Ladder design (COLLINS & ELLING 1960). In contrast, a 
standard design for the 27 dams on the Mississippi River is not feasible (WILCOX et al. 2004). 
I consider these two sites as anchoring the two ends of a continuum of the feasibility of  
developing standard fishway designs with all other dams sites existing within the continuum. 
By evaluating the two endpoint dams I am able to answer two critical questions which  
constitute the goals of this paper: 
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1) What are the conditions necessary for a standardized fish ladder design? 
2) What is optimum way (i. e., minimum time and cost) to design fishways if a standard 
design is impossible? 
 
Two concepts are described below to help the reader understand the conditions under which 
standardized fishway criteria can be developed. 
I. Dams can be ranked along a continuum of the ratio of knowledge versus  
uncertainty for design of efficient fishways (ROSCOE & HINCH 2010). Design  
criteria for fishways for dams in which knowledge is relatively great (e. g.,  
fishway design criteria are well known for a particular species group and type of 
dam) and uncertainty is relatively low can be effectively designed without  
collection of data or extensive analysis. Under this condition, it is relatively easy 
for a decision-maker to select and implement an optimum design alternative  
using a “command and control” program structure. However, in the opposite 
condition, where knowledge is relatively small and uncertainty is relatively great, 
a decision-maker cannot select an optimum design alternative without extensive 
collection and analysis of supplemental data and adoption of adaptive manage-
ment to assure achieving program goals (HOLLING 1978, WALTERS & HOLLING 
1990). 
II. Common fishway planning tools can be ranked in ascending usefulness in their 
ability to support adaptive management: narrative design criteria, analytical  
solutions (e. g., energy dissipation calculations), fish species swim speed criteria, 
ethohydraulics (e. g., GISEN et al. 2016), and the Eulerian-Lagrangian-agent 
method (ELAM – GOODWIN et al. 2006). Models based on the ELAM are the 
most valuable for adaptive management because the method attempts to  
mechanistically describe the behavior of fish to the flow pattern within a fishway. 
 
2 Examples of Design Criteria for Two Contrasting Groups of Dams 
Snake River Dams 
The four Corps of Engineers dams on the Snake River all employ the standard Ice Harbor 
Fish Ladder design (or slight variances of this design) developed in the late 1950’s and early 
1960’s (named for the first dam constructed on the Snake River) (Figure 1). The reason that a 
standard design could be developed for these dams is because the four dams are very similar 
to each other. They occur in the same geomorphic province, have nearly identical  
hydrographs, occur in the same climate, the elevation difference between the tailwater and 
forebay is similar, the powerhouse and spillway capacities are similar, they have similar  
purpose portfolios (examples of dam purposes: flood control, navigation, hydropower  
production, ecosystem restoration, irrigation, and water supply), and the species and sizes of 
fish to be passed are identical. The design criteria were developed over a period of years of 
detailed study by a world-class fisheries engineering laboratory located at Bonneville Dam on 
the Columbia River. In addition, the dams where designed and constructed by the same Corps 
of Engineers District over a relatively short period of time. The similarity of the designs of 
the dams and migratory species facilitates development of standard design criteria for the four 
zones important to fishway design.  
  
Seite 76 
Bundesanstalt für  
Gewässerkunde 
 
Veranstaltungen 
1/2019 
 
 
 
Figure 1: Images of standard Ice Harbor Fish Ladder design for dams on the Snake River, USA 
Mississippi River Dams 
In contrast to the four Snake River dams, the 27 dams on the Mississippi River encompass a 
wide array of dam designs, occur in different climatic zones, exhibit different hydrological 
patterns, are spread over four different geomorphic zones, exhibit wide differences in river 
width, vary in the occurrence of hydropower, and their operations can vary among dam point 
operation, hinge point operation, and multiple hinge point operation (explained in  
Anonymous 2017). In addition, the dams on the Mississippi River were constructed by four 
different Corps of Engineers districts. While the structure of each of the dams can be very 
different, the migratory species composition is generally similar. 
I concluded that the differences among the Lock and Dams on the Mississippi River  
precluded development of the detailed fishway design criteria developed for the Snake River. 
To reduce the need for developing individual design criteria for each dam, I attempted to 
cluster the 27 dams of the Mississippi into groups of similar dams (NESTLER et al. in press). 
A portion of the grouping analysis (Figure 2) confirmed that 17 of the 27 dams were  
reasonably similar in design, although significant differences could be seen in their tailwaters.  
Of the four zones of fish behavior that must be considered for effective fishway design  
described earlier in this paper, the ability of upstream migrating fish to locate the entrance to 
the proposed rock ramp fishway was considered to have the largest uncertainty because of the 
spatial complexity of the tailwater. Of note, the team of experts that proposed fishway  
designs for the dams on the Mississippi River followed accepted criteria in their suggested 
designs (WILCOX et al. 2004). To address this uncertainty, I used portions of an ELAM  
analysis from SMITH et al. (2012) to evaluate the ability of adult shovel-nosed sturgeon 
(Scaphirhynchus platorynchus) to locate the fishway entrance under 10, 25, 50, 75, and 90 % 
exceedance flows for Lock and Dam 22. Significantly, I did not consider the inner structure 
of the rock ramp fishway to be highly uncertain because rock ramp fishways have been used 
extensively in the mid-western USA nor did I consider the potential for fallback of fish 
through the spillway (e. g., REISCHEL & BJORNN 2003; NAUGHTON et al. 2006) because the 
upstream streamflow pattern was well-established immediately upstream of the exit of the 
proposed rock ramp fishway. 
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Figure 2: A. Part of a classification matrix to sort Mississippi River dams into clusters of similar 
dams. B-D. Examples of three dams from a cluster of 17 similar Mississippi River 
dams. Note that dams are similar, but tailwaters are different.  
Taken from NESTLER et al. (in press). 
 
Table 1: 
Summary of results for analysis of proposed fishway performance under different river discharges for 
Lock and Dam 22 (from SMITH et al. 2012). 
Flow Exceedance (%) % Passage Through Fishway  
(Total Passage) 
Percent Passage Through Fish-
way 
10 10.7 (22.5) 47.6 
25 11.9 (47.5) 25.1 
50 40.9 (84.8) 48.2 
75   7.0 (66.0) 10.6 
90   7.7 (78.1)   9.9 
 
A frame grab of an animation of the ELAM model results from SMITH et al. (2012) illustrates 
the major flow patterns downstream of Lock and Dam 22 and the distribution of virtual  
sturgeon as they approach the dam and its fishway (Figure 3). The results of the ELAM  
analysis (Table 1) shows counter intuitive results where the ability of virtual sturgeon to  
locate the fishway peaks at median flow (40.9 % of virtual sturgeon use the fishway) and 
declines significantly at both high (10.7 % of virtual sturgeon use the fishway) and low flows 
(7.7 % of virtual sturgeon use the fishway). Stream line analysis showing the origin of flow 
from different parts of the dam shows that at high flows the discharge from the ungated  
overflow weir part of the dam largely blocks the entrance of the fishway (Figure 4A).  
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 At median and low flows the discharge plume of the fishway lacks the momentum to  
substantially displace the discharge plume of the gated spillway Figure 4B and 4C. As a  
consequence a portion of the fishway discharge plume is forced upstream as a flow reversal 
with the reversal being most extreme at low flow. I conclude that the spatial complexity of 
the tailwater of Lock and Dam 22 added substantial uncertainty to the formulation of standard 
design criteria, even though accepted practice was used to locate the entrance of the proposed 
rock ramp fishway. 
 
 
Figure 3: A. Vicinity map of Lock and Dam 22 on the Mississippi River. B-D. Frame-grabs from 
an animation of ELAM model output showing response of virtual fish to 50 %  
exceedance flow for a proposed rock ramp fish way and distribution of virtual fish 
(blue = sustained swimming and red = prolonged swimming speed) for 5.0 km  
downstream of the dam. Description of the ELAM model and its calibration can be 
found in SMITH et al. 2012.   
3 Discussion and Conclusions 
Comparison of the applicability of standard design criteria to the Snake and Mississippi  
Rivers demonstrates that design criteria cannot exist without consideration of their  
application. For example, standard design criteria were successfully developed for the four 
Snake River dams because they were highly similar in all important aspects. The  
uncertainties in their application have been identified and are well known (primarily  
temperature effects (CAUDILL et al. 2013) that can be easily assessed with temperature  
models). In contrast, the Mississippi River dams are not as similar. Even within a cluster of 
relatively similar dams there are sufficient uncertainties because of the complexities of the 
tailwater areas. 
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Figure 4: Frame grabs from ELAM model output for 10 (A), 50 (B), and 90 (C) % exceedance 
flows for proposed fishway on Lock and Dam 22. Stream line analysis was used to 
trace origin of flows from different parts of the dam. Note that plume from the fishway 
lacks sufficient momentum to displace spillway discharge plume. Note nearly complete 
blockage of fishway entrance by flows from the ungated overflow weir for the 10 % 
exceedance flow. Note creation of reverse flow feature at mouth of fishway for 50 % 
and 90 % exceedance flows that prevent direct entry of virtual fish into the fishway. 
Taken from SMITH et al. (2012).   
 
By extension, I conclude that development of standard design criteria for German dams will 
be limited in the same way that development of standard design criteria is limited in the USA. 
I conclude that development of standard design criteria for German dams should follow the 
steps used in this analysis (Figure 5). The first step is to identify similar clusters of dams  
using statistical dimensional reduction methods such as cluster analysis, factor analysis, or a 
matrix-based manual approach used in NESTLER et al. (in press). Once clusters have been 
identified then each cluster can be evaluated for the fidelity of the members to the cluster. 
Clusters in which the lock and dams have high structural, spatial configuration, and  
biological similarity may be amenable to the development of standard design criteria with 
modest amounts of supporting supplemental studies. For example, fishways on dams similar 
to those on the Snake River dams and supporting similar migratory species could reasonably 
use the standard Ice Harbor Dam design with modest supporting studies such as thermal  
loading and reservoir stratification modeling to address potential excessive water  
temperatures within the fishway. 
In contrast, the tailwater regions of Mississippi River Lock and Dams, even within a cluster 
of dams, were not as similar. The spatial variability of tailrace islands, secondary channels, 
and berms creates uncertainty in the development of design criteria for the zone associated 
with the ability of fish to locate the fishway entrance. An assessment of the ability of virtual 
sturgeon to locate the fishway entrance at Lock and Dam 22 identified uncertainties that 
would have a great effect on fishway efficiency. Therefore, design criteria that are relatively 
more general would have to be developed for the Mississippi River dams than for the Snake 
River dams. In addition, supplemental studies (such as the ELAM simulation used for Lock 
and Dam 22) must be employed to reduce uncertainty to a level that design criteria can be 
formulated. The procedure depicted in Figure 5 can be used to systematically evaluate each 
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 dam or dam cluster to decide the level of possible specificity for design criteria for any  
application. In Figure 5, I use the term “certainty” because it is more intuitive than the inverse 
term “uncertainty” which is the preferred term to link lack of knowledge to risk and  
uncertainty in decision-making. Discussions of risk informed decision-making are beyond the 
scope of this extended abstract. The reader is directed to SCHULTZ et al (2010) as a good  
primer on risk and uncertainty, but there are many scholarly papers and books on this topic 
that can be identified by Googling “risk and uncertainty in decision-making”). 
 
 
Figure 5: Steps in determining feasibility of standard design criteria for fishways. A. Identify the 
population of dams for which design criteria will be developed. B. Perform a  
dimensional reduction analysis to distribute dams into similar clusters based on their 
design, operation, migratory species, or other important variables. C. Evaluate each 
cluster to estimate level of certainty about knowledge of applicable fishway design  
criteria and degree of similarity of dams in each cluster. The necessary technology 
power (i. e., comprehensive, mechanistic tools such as the ELAM calibrated to  
observed data have more power to reduce uncertainty than simple criteria such as 
knowledge of maximum fish swimming capability) to provide supplemental data to  
develop refined design criteria (and time and cost) decreases as knowledge certainty 
and cluster fidelity increase.  
Legend: AM = Adaptive Management and EH = Ethohydraulics. 
 
Development of standardized design criterial appears to follow the constraints of Levins’ 
Thesis (LEVINS 1966) for desiderata (i. e., attributes) of population models (Table 2). That is, 
neither population models nor design criteria can simultaneously maximize generality,  
realism, and precision (sometimes precision is better stated as accuracy depending upon  
context). Using Levens’ Thesis as a guide, design criteria for Snake River dams maximize 
precision and realism, but are limited to any other application (i. e., they are not general)  
unless the target dam and migratory species are very similar to the Snake River dams and 
communities. In contrast, design criteria for the cluster of Mississippi River dams must be 
realistic and more general, but are constrained to be less precise. Their lack of precision must 
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be compensated by including additional studies (such as the ELAM simulation and analysis 
described in SMITH et al. 2012). Highly unique dams, such as Lock and Dam 8 on the  
Mississippi River which is 8-km long and features three separate spillways, may simply be 
too complex and unique for application of standardized design criteria. Therefore,  
development of design criteria for all designs must consider the judicious use of Adaptive 
Management to develop knowledge that addresses uncertainties associated with dams that 
poorly fit in clusters of similar sites or a unique and do not appear to belong to a cluster. 
For German dams, I recommend BfG perform an analysis similar to what I performed for 
Corps of Engineer dams (NESTLER in press). The next steps depend on the results of the 
analysis because the specificity of the standard designs will be based on the level of similarity 
of dams and fish communities within each cluster. Standard fishway designs can be  
considered for clusters of dams that are highly similar and also have similar fish communities 
similar to the standard designs developed for Snake River dams. For single dams or clusters 
of dams which do not have a high level of similarity then the specificity of the design criteria 
must also be less and likely will not be sufficient for design purposes. In such a situation, 
BfG should consider using technologically advanced tools such as models based on the 
ELAM supplemented with acoustic tag data based on short reporting intervals (e. g.,  
1-2 seconds) to help reduce design uncertainty, particularly for the effects of approach  
conditions to the fishway entrance.  
 
Table 2: 
Fishway design criteria desiderata, their definitions, and the constraints imposed by variability of dams 
and state of knowledge about fish passage biology and behavior 
Desiderata Definition As Applied to Fishways 
Generality applies to many dams & species easy to understand and implement 
Realism has mechanistic fidelity to hydraulics and 
fish cognition and physiology 
can be determined through research 
Precision criteria are unambiguous and accurate lead directly to fishway design features 
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